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ABSTRACT Ultrafast laser irradiation can induce morphological and structural changes in 

plasmonic nanoparticles. Gold nanorods in particular can be welded together upon irradiation 

with femtosecond laser pulses, leading to dimers and trimers through the formation of necks 

between individual nanorods. We used electron tomography to determine the 3D (atomic) 

structure at such necks for representative welding geometries and to characterize the induced 

defects. The spatial distribution of localized surface plasmon modes for different welding 

configurations was assessed by electron energy-loss spectroscopy. Additionally, we were able 

to directly compare the plasmon linewidth of single-crystalline Au NRs and welded Au NRs 

with single defects at the same resonance energy, thus making a direct link between the 

structural and plasmonic properties. In this manner, we show that the occurrence of (single) 

defects results in significant plasmon broadening.  

 

KEYWORDS: welded gold nanorods; femtosecond laser excitation; plasmonics; electron 

tomography; electron energy loss spectroscopy; plasmon linewidth; structural defects. 

 

The interaction of gold nanoparticles (Au NPs) with light is largely determined by coherent 

oscillations of conduction electrons at resonant frequencies, also known as localized surface 

plasmon resonances (LSPRs).1–6 The specific LSPR frequencies are known to be strongly 

dependent on NP shape, size and possibly crystallinity.7 In Au NPs with anisotropic shapes, 

such as nanorods (NRs), different LSPR modes exist, associated with electron oscillations 

across (transverse LSPR) or along the NR long axis (longitudinal LSPR).8–11 Plasmon 

resonances lead to strong absorption and scattering of the incident electromagnetic wave at the 

LSPR frequencies, with part of the absorbed energy being converted into heat through electron-
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phonon relaxation. The generated heat is ultimately released to the surrounding medium. Heat 

generation is most efficiently controlled by excitation with femtosecond laser pulses, as energy 

absorption and electron-phonon scattering events are separated in time.6,12–14 As a consequence 

of this photothermal effect, the local temperature can reach values high enough to induce 

reshaping of metal NPs.14–22 Most interestingly, femtosecond laser pulses can also be used to 

selectively drive the tip-to-tip welding of Au NRs.19,23–25 In a similar fashion to optical coupling 

of closely spaced NPs, welding leads to the formation of additional plasmon modes and 

potentially to strong field enhancements.26–33 Because of these intriguing plasmonic properties, 

welded metal NRs are of great interest, with potential applications ranging from molecular 

sensing to nanoscale wave-guiding, where their plasmonic properties, such as the resonant 

energy and plasmon linewidth, play a major role.34–37 Moreover, a tunable conductive junction 

in welded systems holds promise for active photonic devices such as ultrafast nanoswitches.38 

From a fundamental point of view, studying the plasmonic response of welded structures yields 

insight on electron transport at the nanoscale. Furthermore, welded structures can extend the 

plasmonic properties up to the mid-infrared.33 To fully exploit these nanostructures in practical 

applications, it is crucial to understand the connection between the welding geometry and the 

resulting optical and structural properties. 

The impact of femtosecond laser pulses on the welding of Au NRs has been explored using 

optical ensemble techniques such as absorbance measurements by UV/VIS/NIR spectroscopy, 

in combination with simulations.31,32,39 Although transmission electron microscopy (TEM) has 

also been used for the characterization of welded nanostructures in previous studies, their main 

focus was the determination of the average aspect ratio of the NRs and the 2D projected 

geometry of welded NRs.31,32 Consequently, the welding angles and dimensions of the 

nanojunctions could not be determined precisely. The 3D structure of welded NRs is therefore 

still to be revealed. Additionally, upon welding, defects may be introduced in the crystal 
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structure,24 which have been shown to influence the physical properties of Au NPs.7,40,41 For 

example, the presence of defects can lead to additional scattering of electrons,42 resulting in 

damping of plasmon modes.7 Unfortunately, it remains unclear what type of defects are 

introduced during welding under femtosecond laser pulse irradiation and a direct link between 

potentially induced structural defects and plasmonic properties is still lacking. In this study, we 

determined the 3D atomic structure of welded Au NRs with different welding geometries. 

Additionally, we analysed the energy and spatial distribution of plasmon modes for systems 

with different welding geometries, using electron energy loss spectroscopy in scanning 

transmission electron microscopy (STEM-EELS). Finally, to unravel the impact of defects on 

the plasmonic properties, welded NRs were investigated by STEM-EELS and compared to 

single-crystalline Au NRs at similar resonant energies.  

RESULTS AND DISCUSSION 

Welding of Au NRs was achieved by femtosecond laser pulses irradiation (see Materials and 

Methods for details), as reported by González-Rubio et al.39 We focused primarily on tip-to-

tip assembled Au NRs, which can be prepared by taking advantage of the higher reactivity of 

Au NRs tips compared to that of the sides towards their functionalization with dithiolated 

molecules. The assembly of Au NRs with LSPRs at 660 nm (Figure S1) results in dimers and 

trimers with LSPR modes located at ca. 800 nm, in resonance with the femtosecond laser pulses 

used in our experiments (see Materials and Methods for details). In addition, the assembly of 

Au NRs leads to the formation of hot spots at interparticle gaps. Thus, when the assembled Au 

NRs are irradiated with femtosecond laser pulses, the absorbed energy leads to an increment 

of the temperature of the nanocrystal lattice, resulting in increased mobility of the metal atoms 

constituting the irradiated Au NRs. Moreover, due to the higher curvature of the tips, the gold 

atoms located at such a position possess poorer coordination than those located at the sides, 
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which should further boost their mobility at high temperature. Besides, the shortest distances 

between the assembled Au NRs are at the tips, which together with the laser heating, and higher 

curvature of the tips may explain the observed tip-to-tip welding.14–22 The approach also yields 

larger aggregates through assembly of dimers with each other or with other species (see Figure 

S1).  Nevertheless, welded dimers and trimers are obtained in sufficiently high yield (between 

10-20%)39 to investigate the crystalline nature of the welded regions by electron tomography, 

as well as the impact of welding on the plasmonic properties at the single-particle level. 

Figure 1 presents overview images acquired by high angle annular dark field scanning 

transmission electron microscopy (HAADF-STEM) of different dimer structures. These 

images show how the welded structures can yield a broad range of different geometries. 

However, these are two-dimensional projection images and the exact geometry and connection 

at the interface between the individual NRs should rather be investigated in three dimensions 

(3D).  

 

Figure 1. (a)-(d) HAADF-STEM images of different welded Au NRs.  

Therefore, we applied electron tomography to study the morphologies obtained after laser 

welding. This technique is based on the acquisition of a tilt series of 2D HAADF-STEM 

images,43,44 followed by 3D reconstruction using the simultaneous iterative reconstruction 

technique (SIRT).45 Typical examples of 3D visualizations of the reconstructed volumes for 

different welding geometries are displayed in Figure 2a. From these data, we can determine the 
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welding angles in 3D and classify our welded nanostructures. In order to do so, one Au NR is 

oriented along the z-axis and two Euler angles α and β are defined around the x and y axes of 

an orthonormal reference (Figure 2b). Statistical 3D analysis of 32 configurations revealed that 

α ranges preferentially from 60º to 180º and β from 0º to 40º (Figure 2c,d). A similar 

distribution of α for NRs dimers and trimers connected by molecular linkers before welding 

was found in a previous report, albeit based on 2D images.39 It should be noted, that our 

statistics based on 3D data sets are low compared to the 2D analysis performed there. Yet, the 

present results support the fact that the Au NRs maintain their initial orientation after welding 

under femtosecond laser pulse irradiation. 
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Figure 2. (a) 3D morphology of different welding geometries determined by electron 

tomography and their respective welding angles. (b) Definition of Euler angles: one Au NR is 

placed along the z-axis. α and β correspond to the angle of the other Au NR around the y and x 

axes, respectively. Statistical distribution of the welding angles (c) α and (d) β determined for 

32 Au NR dimers with different configurations. 

Most of the observed configurations, are likely to exhibit defects at the interface between the 

rods. This was confirmed by the high resolution HAADF-STEM images in Figure 3, suggesting 

two different types of defects, either dislocations or grain boundaries. We hypothesize that 

dislocations occurred when the 2 Au NRs had similar crystallographic orientations (Figure 

3c,d) and grain boundaries otherwise (Figure 3a,b). Based on 2D high-resolution HAADF-

STEM images, previous studies39 have reported the presence of grain boundaries at the 

interface. However, since such HAADF-STEM images correspond to 2D projections of 3D 

objects, electron tomography experiments are crucial to obtain further understanding 

concerning the connection mechanism. More specifically, electron tomography enables one to 

unambiguously identify the defect type and to associate it with the 3D welding geometry of the 

system, which was still a challenge in previous studies.39 

To prove our hypothesis on the origin of defect types, we performed electron tomography at 

the atomic level on two different systems, with the Au NRs being oriented along the same and 

different crystallographic orientations, respectively. Typically, either prior information about 

the investigated material or suitable constraints would be used to achieve atomic resolution in 

3D.46–48 These methods are unfortunately not applicable on the 3D investigation of more 

complex nanostructures such as the welded Au NRs in this study, as they could introduce bias 

in the results. Therefore, a recently developed methodology was implemented, in which prior 

information is no longer required thanks to the application of optimized acquisition and 
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alignment procedures.49 This technique relies on the fast acquisition of multiple frames at every 

tilt angle, rather than one single image acquisition with a longer exposure time. In this manner, 

we were able to minimize slight rotations of the Au NRs during acquisition, which is a common 

problem when imaging NPs by HAADF-STEM at high magnification.49 Scanning artefacts 

were corrected by means of a convolutional neural network (CNN) combined with rigid and 

non-rigid transformations.49–52 Finally, a modified phase correlation approach was applied for 

the alignment of the tilt series. Further details of this procedure are provided in the Materials 

and Methods section. 
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Figure 3. High-resolution HAADF-STEM images of welded Au NRs displaying different 

types of defects. The insets at the top right show lower magnification HAADF-STEM images 

(scale bars: 5 nm). The crystallographic orientations of Au NRs were obtained through the 

analysis of the FFT patterns (Figure S2). In panels (a,b), grain boundaries are observed at the 

interface between welded Au NRs, consistent with the different crystallographic orientations 

of the individual Au NRs, as indicated by the annotations. For welded Au NRs shown in (c,d), 

dislocations were found at the interface, as indicated by white arrows. Figure S3 displays a 

masked image where the visualization of the dislocation is clearer. 

Using this approach, we first investigated a pair of Au NRs, exhibiting a welding angle α = 

146º and a mismatch in crystallographic orientation between the two NRs. Figure 4a shows an 

overview image of the two connected Au NRs. A 3D representation of the reconstructed 

volume is shown in Figure 4b. This volume is limited to the connecting part of the NRs, 

allowing the acquisition of a tomography series with atomic resolution. Detailed analysis 

(Figure 4d-e) showed that these Au NRs did not have the same crystallographic orientation. 

The slice (e) was obtained after rotating slice (d) by an angle of 3º along the long axis of the 

welded Au NRs and an angle of 50º along the axis perpendicular to the slice. Moreover, further 

analysis of the 3D atomic structure revealed the presence of a grain boundary at the 

nanojunction. The result of manual segmentation of the defect throughout the 3D 

reconstruction is illustrated in Figure 4c. A similar analysis of another pair of welded Au NRs 

(α =131º) with a grain boundary at the interface yielded similar results (see Figure S4, 

Supporting Information).  



10 
 

 

Figure 4. (a) Representative HAADF-STEM image of welded Au NRs with a grain boundary. 

The region inside the white box was studied by atomic resolution electron tomography. (b) 3D 

visualization of the reconstructed volume. (c) Segmented grain boundary. (d,e) Orthoslices 

through the 3D reconstruction, along different orientations, confirming the presence of a grain 

boundary. The white arrows in (d,e) indicate the plane where the defect is located. In panel (d) 

the left Au NR is oriented along the [110] zone axis, whereas in (e) the right Au NR is oriented 

along the [110] zone axis. Measurements of both crystallographic orientations revealed a 

rotational deviation of 3° and a tilt deviation of 50° between the Au NRs (as defined in Figure 

S5), which also correspond to the rotational operations between panels (d,e).  
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Next, a pair of Au NRs with similar crystallographic orientations was investigated. Figure 5 

shows a trimer configuration with a welding angle α = 179º (Figure 5a) between the two upper 

NRs. Analysis of the 3D reconstruction (Figure 5b) revealed the presence of two dislocations 

at the interface (see orthoslice through the reconstruction in Figure 5c). The result of manual 

segmentation of the dislocations throughout the 3D reconstruction is depicted in Figure 5d. The 

left panel in Figure 5d displays the 3D extension of dislocation 1, which was found to cross the 

Au NRs following a non-parallel pathway with respect to the crystallographic planes. For 

dislocation 2 (right side of Figure 5d), a more irregular pattern was observed for the same 

defect. 

 

Figure 5. (a) HAADF-STEM image of a trimer of welded Au NRs. The region inside the white 

box was studied by high-resolution electron tomography. (b) Visualization of the 3D 

reconstructed volume. (c) Orthoslice through the 3D reconstruction revealing the presence of 
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two dislocations, highlighted by the white arrows 1 and 2, and a similar crystallographic 

orientation of the two NRs along the [110] zone axis. The identification of dislocations was 

performed in a similar manner as in Figure 3 and is demonstrated in Figure S6. (d) Dislocation 

1 extends linearly through the interface, whereas dislocation 2 exhibits an irregular pattern.  

Further analysis of 10 additional welded Au NR pairs confirmed the findings of Figures 4 and 

5. Dislocations are mainly present at the interface for NRs with very similar crystallographic 

orientations. For all other cases, grain boundaries are present. More specifically, for gold based 

structures (FCC lattice), grain boundaries will be formed if the rotational angle ω and the tilt 

angle θ heavily deviates from ± nπ for a crystal oriented along [100] zone axis (Figure S5). 

These observations are of interest since the presence of defects may impact the dielectric 

function of the material53–55, which can in turn influence the plasmonic properties of metal NPs. 

We therefore decided to further investigate the plasmonic properties of selected welded Au NR 

pairs and correlate them with the corresponding structural properties.  

 

Figure 6. (a) Normalized EELS spectra of the three different welded NR pairs shown in panels 

(b)-(d). (e)-(m) Spatial distribution of the plasmon modes for the different welding geometries, 

selected from the spectra in (a). Three different plasmon modes were identified as CTP, 
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SBDP/SADP and TSP (see text for details). The energy range is indicated in each plasmon 

map.  

When plasmonic NRs are placed in close proximity, a collective plasmonic behaviour arises 

from the capacitive coupling of the LSPR modes of each individual NR, giving rise to 

hybridized plasmon modes,30,56 such as e.g., the bonding dimer plasmon (BDP).28,30,57 For a 

heterodimer with NRs of different aspect ratios, symmetry breaking leads to the anti-bonding 

dimer plasmon (ADP) mode being optically excitable as well.58,59 The ADP is generally weaker 

in intensity than the BDP. Here, it should be noted that EELS is also sensitive to dark modes60 

and the ADP mode for almost identical coupled NRs can thus be observed by STEM-EELS.61 

After welding, the presence of a conductive nanojunction between the Au NRs gives rise to an 

additional plasmon mode, associated with the charge flow between the Au NRs, known as the 

charge transfer plasmon (CTP) mode.26,28,30,33 The BDP weakens and blue-shifts after welding 

due to the decreased capacitive coupling of the Au NRs and the interaction with the CTP 

mode.62,63 This is referred to as the screened bonding dimer plasmon (SBDP) mode.26–30,33,64 

Simulations have shown that, in conductively connected heterodimers, a screened anti-bonding 

mode (SADP) at higher energies than the SBDP mode can also be observed as a bright mode, 

similar to the case of coupled but non-connected heterodimers.29 Optical measurements and 

simulations have further revealed that for connected, as well as non-connected NR 

heterodimers, the bonding (anti-bonding) mode is governed by the longitudinal plasmon 

resonance of the NR with the higher (lower) aspect ratio.29,58. The main shortcoming of optical 

(single-particle) measurements is the lack of structural and geometrical correlation with high 

precision. For a complex system such as welded NRs, STEM-EELS is thus a valuable tool to 

correlate geometry, structure and plasmonic properties. We therefore proceeded to analyse the 
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plasmon modes and their spatial distribution for different welding geometries by 

monochromated STEM-EELS. 

First, we looked at the spatial distribution of the different plasmon modes in three welded Au 

NR pairs with different welding angles α (Figure 6). Figure 6a shows STEM-EEL spectra 

acquired for all three welded pairs (Au NRs 1, 2, and 3), which are displayed in Figure 6b-d. 

The aspect ratios and sizes of the single NRs are very similar with only a slight variation 

between 2.5 and 2.7 (Table S1 in Supporting Information). On the basis of previous literature 

reports,26–30,33,64 we identified three plasmon modes for each NP pair: the CTP mode at ~1 eV, 

the screened dimer plasmon mode (SBDP) at ~1.7 eV and the transverse surface plasmon (TSP) 

mode at ~2.3 eV. It should be noted that a small red-shift of the CTP mode was experimentally 

observed between the top and the bottom of the welded NR pair (Figure S7), resulting in slight 

broadening of the CTP peaks and in a lower energy shoulder for the CTP mode of welded NRs 

3 (blue curve). Such a red-shift arises from the formation of an amorphous carbon layer during 

electron beam scanning, an unwanted effect referred to as “carbon contamination” in electron 

microscopy.65–68 The carbon layer leads to an increase of the surrounding dielectric constant. 

Within our energy resolution, the screened dimer plasmon mode features a single peak with no 

splitting into bonding and anti-bonding modes. Indeed, since the NRs were of uniform 

morphology we would expect both modes to be degenerated.29  

The spatial distributions of the three plasmon modes are shown in Figure 6e-m. As expected, 

the dipolar CTP mode exhibits an intense field concentration at the non-welded tips, whereas 

the TSP mode localizes along the lateral sides of the NRs. The SBDP/SADP mode exhibits a 

field concentration at both welded and non-welded tips, confirming that both bonding and anti-

bonding modes are contributing. For the welded Au NRs 1, a rather uniform distribution was 

observed for all four tips. Please note that for this dimer, the upper NR has a slightly smaller 
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aspect ratio (2.5) than the lower one (2.7). Combined with the knowledge acquired from 

simulations, the differences in aspect ratio suggest that the field distribution around the lower 

(upper) NR is connected to the bonding (anti-bonding) mode.29,58 Furthermore, a slightly higher 

field intensity appears at the non-welded end of the lower NR, compared to the upper NR, thus 

indicating a stronger contribution of the bonding mode. Although absolute EELS intensities 

need to be interpreted with caution, a stronger SBDP for connected NRs of similar size has 

been predicted by finite-element simulations.29 Additionally, a higher field distribution is 

observed around the welded region compared to the non-welded tips, which becomes more 

dominant for the other two welding geometries (Figures 6i,l). This is likely related to the 

increased spatial overlap of the bonding and anti-bonding modes at the welded tips for 

decreasing α angles.  

Interestingly, for the configuration with the lowest α angle (Figure 6l), the highest field 

concentration was not observed around the welded junction but at the welded tip of the upper 

NR. This observation indicates that this plasmon mode, which we attribute to the screened 

bonding mode, extends over the nanojunction. The observation fits well to simulation results29 

for connected Au NRs and could also explain the slightly red-shifted peak (1.77 eV) compared 

to welded Au NRs 2 (1.83 eV). Similar to the case of welded Au NRs 1, the bonding mode 

seems to be stronger than the anti-bonding mode. In addition, for the geometry of welded Au 

NRs 3, the SBDP/SABP mode exhibits higher intensity compared to that of the two geometries 

with larger α angles, as can be seen in the map (Figure 6l) and spectrum (Figure 6a, blue line). 

Our findings are consistent with the single-particle optical scattering measurements reported 

by Slaughter et al.58 The authors observed an enhancement in the bonding dimer mode of 

touching Au NRs with an α angle of 140º, compared to that of straight touching dimers (α = 

180º). However, the limited resolution of the scanning electron microscope that the authors 

used for the structural correlation hindered closer analysis of the correlation between the 
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particles’ geometry and their scattering properties. Our work, offering a higher spatial 

resolution, corroborates their results. 

An additional observation is that the spectral positions of the plasmon peaks differ in the three 

welded systems. Most notably, a blue-shift of the CTP from 1.0 eV (welded Au NR 1) to 1.1 

eV (welded Au NR 2) and to 1.2 eV (welded Au NR 3) was observed. Since the NRs were very 

similar in size and aspect ratio, these variations are not expected to stem from geometry 

differences. This was confirmed by Boundary Element Method (BEM) simulations (Figure 

S8), assuming a straight alignment of Au NRs, as further detailed below. Indeed, the influence 

of the slightly different sizes is small as the CTP resonance energy only varies between 1.29 

eV (welded Au NR 1) and 1.36 eV (welded Au NR 2). Moreover, the CTP resonance of welded 

Au NR 3 lies in-between welded Au NR 1 and 2. It is also known that the angle between 

connected or non-connected NRs barely influences the plasmon peak position.32,58,59,69 

However, it has been reported that the quality of the nanojunctions, often expressed in terms 

of conductance, may play a major role in the strength and the energy of the plasmon modes in 

connected Au NPs.29–33,62,70 For the welded Au NR system, we performed additional 

simulations and observed that this is also true for our case, as displayed in Figure S9. For 

decreasing interface area, the CTP resonance red-shifts (a), gets weaker (b) and the linewidth 

decreases (c), in agreement with previous work.33 Thus, the blue-shifted CTP resonance of 

welded Au NR 3 indicates that conductance at the interface is most likely better than for the 

other two welded Au NRs presented in Figure 6. In addition to the CTP mode, the observed 

features and differences for the SBDP/SADP mode may also be ascribed to a change in the 

geometry and size of the nanojunction.  

We however realized that the correlation between structure and optical properties can be 

pushed even further. As revealed by the 3D structural characterization, all welded NRs exhibit 
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a defect at the nanojunction, either a grain boundary or a dislocation. Tang and Ouyang showed 

that defects can have a direct influence on the physical properties of NPs.7 They fabricated 

single-crystalline and multi-twinned spherical Au NPs. By ensemble-averaged optical 

measurements they observed that the full-width at half-maximum (FWHM) of the plasmon 

peak was consistently 1.7 times larger for multi-twinned NPs than for single-crystalline NPs. 

Their work suggests that twinning defects play a critical role in damping and hence weakening 

of plasmon resonances. However, their particles exhibited a large amount of crystalline defects, 

which varied from particle to particle. So far, a direct link between crystal defects and 

plasmonic properties at the single-particle level of welded structures is still lacking. The welded 

NRs studied in this work are an excellent model system for such a correlation. 

For this purpose, welded NR systems with almost identical welding geometry but different 

crystallographic orientations (α = 180º and β = 0º) were selected. Six pairs of welded Au NRs 

were investigated. Their sizes and (high resolution) STEM images are provided in the 

Supporting Information (Figures S10-S11 and Tables S1-S2). To study the influence of defects 

on the plasmonic properties, we determined the linewidth Γ of the CTP mode and compared it 

to that of the longitudinal resonance of single-crystalline Au NRs at similar resonant energies 

measured on the same TEM support during one TEM session and therefore using the exact 

same imaging parameters. Such a comparison is reasonable, because the CTP mode of welded 

Au NRs mimics the longitudinal mode of a single NR, which is larger in size and aspect ratio.32 

Our monochromated Themis Z electron microscope operated at 60 kV provided the energy 

resolution (< 100 meV), which is essential for such a comparison. The plasmon linewidth of 

the CTP mode was extracted from the deconvolved and zero-loss peak-subtracted spectrum, 

by fitting a Lorentzian function. Details of data acquisition and analysis are provided in the 

Materials and Methods section, while examples of two spectra, extracted in that way, are 

displayed in Figure 7a. 



18 
 

Figure 7b shows the obtained linewidths as a function of resonance energy. The CTP resonant 

energies of the six welded NRs systems (red dots) were close to each other, within the range 

1.15 eV - 1.33 eV. Besides, high-resolution imaging revealed that grain boundaries were 

present at the interface of all welded Au NRs (Figure S11) displayed in Figure 7b. To compare 

the influence of defects on plasmon damping in systems without defects, single crystalline Au 

NRs with similar resonant energies and sizes as those of the welded systems were investigated 

under the same conditions. It is important to compare systems with and without defects at 

similar resonance energies to avoid variations in the plasmon linewidth due to changes in the 

dielectric function. Here, nine Au NRs with aspect ratios ranging from 4.0 to 7.1 were 

investigated, with resonant energies varying between 1.10 eV and 1.59 eV (see Figure S12-

S13 and Table S2 in the Supporting Information for details). For these nine NRs (green dots in 

Figure 7b), Γ was found to increase with increasing resonance energy, as expected from 

previous literature and in agreement with BEM simulations (blue dots in Figure 7b), which will 

be detailed below.71  

For the single-crystalline Au NRs, we measured a linewidth between 100 and 114 meV at an 

energy around 1.2-1.3 eV. However, the measured linewidth for the welded NR systems at the 

same resonance energies was 1.3-1.4 times larger, suggesting that a single grain boundary can 

be sufficient to induce significant plasmon broadening and hence damping. This hypothesis 

will be further discussed below.  
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Figure 7. (a) EEL spectra of a welded Au NR (red) and a single-crystalline Au NR (green), 

where their Lorentzian character is evident. (b) Linewidth of the CTP mode for welded Au 

NRs (red), with almost identical welding geometry. Green dots represent the experimental 

values of the linewidth for different single-crystalline Au NRs with similar aspect ratio to the 

welded systems at varying resonant energies. Linewidths of the longitudinal mode for single-

crystalline Au NRs (blue) and of the CTP mode for welded Au NRs (yellow) obtained from 

simulations, convoluted with the experimental energy resolution, are also displayed. For 

simulated welded nanostructures, smaller linewidths were observed in comparison with those 

for simulated single-crystalline Au NRs. This is likely associated with radiation damping, 

which scales with volume. Since the single-crystalline NRs have a slightly larger volume, they 

experience more radiation damping and hence exhibit greater broadening. 
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The presence of structural defects is responsible for locally changing the atomic potential of 

the object and, consequently, the dielectric function of the material.72,73 In addition, for 

polycrystalline structures where the grain size is smaller than the mean-free path of the cloud 

of free electrons, an increase of the collision rate of free electrons with the boundary of the 

defect is expected.74–76 Thus, an increase of the damping constant (characterized by the 

linewidth Γ) is observed for structures containing lattice defects, since the total damping term 

is the sum of the contribution of radiative and non-radiative internal processes, as well as the 

coupling of plasmonic modes with electronic transitions in the matrix in which the nanoparticle 

is embedded.77–79 For non-radiative processes, contributions from the collision rate from 

electron-electron, electron-phonon and electron-defect scattering are the main parameters for 

metallic nanostructures.75 A structural defect, such as a grain boundary as studied here, will 

lead to an increase in the collision rate of electrons and hence will broaden the plasmon 

resonance peak and reduce its intensity.  

To verify our experimental results, we performed BEM simulations of Au NRs with the same 

dimensions and volumes as those of the 9 single-crystalline NRs (blue dots in Figure 7b), 

solving the full Maxwell’s equations as implemented in the MNPBEM17 toolbox. 80–82 During 

the simulations, the effect of the limited resolution of the experimental data was included, 

through convolution of the simulated results with the experimental zero-loss peak (Figure S14 

and Table S2). The effect of the convolution is more prominent for plasmonic modes with 

lower linewidths, as shown in Figure S15. Our analysis revealed a good agreement between 

simulated and experimental data for a surrounding dielectric constant of 1.4, which is higher 

than the dielectric constant of vacuum (that in a TEM experiment), likely due to the influence 

of the carbon substrate. 
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To exclude the possibility that the shape of welded NRs alone could cause such additional 

broadening, we also carried out simulations of welded NRs. In this case, the sizes of both Au 

NRs and the relative shift between them in the welded systems were determined from 2D 

images of welded NRs in the experiments (Figure S10), and later used as the input for 

simulations (Table S1-S3). The results are also shown in Figure 7b by the yellow dots. The 

calculated CTP resonance energies, between 1.16 eV and 1.36 eV, are in good agreement with 

the measured energies. The obtained linewidths varied between 78 meV and 86 meV, i.e. 

slightly below those for simulated single-crystalline Au NRs at similar resonance energies. 

This difference likely stems from the smaller volume of the welded Au NRs compared to the 

single-crystalline Au NRs, resulting in lower radiation damping.83 These results strongly 

support our conclusion that the experimentally observed enhancement of plasmon damping 

stems from (single) crystal defects. Indeed, other studies have shown the effect of 

crystallographic defects on the plasmonic properties for lithographically fabricated 

polycrystalline nanostructures,73,75,76,84,85 where the plasmon linewidth Γ after the annealing 

process, which contains a smaller density of defects, was found to be smaller when compared 

to non-thermally treated structures. More specifically, Chen and co-authors75 have shown a 

decrease in the linewidth Γ of approximately 33% after thermal treatment at 400 °C. To specify, 

the induced plasmon broadening due to crystal defects is hence expected and has been 

measured for polycrystalline samples.75,76 However, we show here that a single defect is 

enough to cause a significant plasmon broadening. 

Our results offer valuable insights for the optimization of existing applications from molecular 

sensing to nanoscale wave-guiding, where plasmon broadening due to the presence of a single 

defect should be taken into consideration. In addition, narrow linewidths in the mid-infrared, 

as previously predicted33, might not be as easily achievable, even when welding single-

crystalline nanorods, as done here. An exciting future endeavor would therefore be to explore 
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options for healing defects in the welded nanostructures by e.g. thermal treatments, to achieve 

narrow linewidths in the near-IR and mid-IR. 

CONCLUSIONS 

In this study, we characterized the 3D (atomic) structure of welded Au NRs by electron 

tomography. For geometries of Au NRs with similar crystallographic orientations, dislocations 

were found at the interface, while all other geometries presented grain boundaries upon laser 

excitation. Moreover, investigation of the plasmonic properties of the welded Au NRs revealed 

damping of the CTP mode due to the presence of defects compared to the case of single-

crystalline NRs at similar resonance energies. Not only do these results show the influence of 

defects on the plasmonic properties at the single Au NP level, confirming ensemble averaged 

predictions, but they also reveal that a single defect can have a significant impact on the 

plasmonic performance of metal NPs. 

MATERIALS AND METHODS 

Materials. All starting materials were obtained from commercial suppliers and used without 

further purification: Hexadecyltrimethylammonium bromide (CTAB, ≥99%), 5- 

bromosalicylic acid (technical grade, 90%), L-ascorbic acid (≥99%), sodium borohydride 

(NaBH4, 99%), hydrogen tetrachloroaurate trihydrate (HAuCl4·H2O, ≥99.9%), silver nitrate 

(AgNO3, ≥99.0%), 1,8-octanedithiol, branched polyethylenimine of average molecular weight 

of 25kDa (PEI), ammonium hydroxide solution (28.0-30.0% NH3 ), acetic anhydride 

(≥98.0%), methoxypolyethylene glycol maleimide (≥90%, MW 5.000) and ethanol (96%) were 

purchased from Aldrich. Nanopure water (resistivity 18.2 MΩ·cm at 25 °C) was used in all 

experiments. 
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Synthesis of Au NR: Au NRs were synthesized following the modified seed-mediated 

approach previously described by Scarabelli et al.:86 

1–2 nm seeds: 25 µL of a 0.05 M HAuCl4 solution was added to 4.7 mL of 0.1 M CTAB 

solution and stirred for 2 min until complete homogenization of the mixture. Then, 300 µL of 

a freshly prepared 0.01 M NaBH4 solution was injected under vigorous stirring (1000 rpm). 

Excess borohydride was consumed by keeping the seed solution for 30 min at room 

temperature prior to use.  

Au NRs with LSPRs at 660 nm: 45 mg of 5-bromosalicylic acid was added to 50 mL of 0.05 M 

CTAB and heated at 35 °C for 1 h. Then, 480 µL of 0.01 M AgNO3 and 500 µL of 0.05 M 

HAuCl4 solution were added to the mixture. After ca. 2 h at 25 °C, when the absorbance at 396 

nm was reduced from ca. 1.2 to 0.2 (due to reduction of Au3+ to Au+), 130 µL of a 0.1 M 

ascorbic acid solution was added under vigorous stirring. Finally, 80 µL of the 1–2 nm seed 

solution was injected under stirring and the mixture was left undisturbed at 25 °C for at least 4 

h. The Au NRs were washed by centrifugation (6000 rpm, 30 min) and redispersed in 10 mL 

of a 2 mM CTAB solution. Analysis of the TEM images revealed Au NRs of 52 ± 4 nm and 

21 ± 2 nm in length and width, respectively. 

Single crystalline Au NRs: The Au NRs used for comparison of the plasmon linewidth in Figure 

7 were synthesized following the method by Ye et al.87 

Assembly and welding of Au NRs. 

Transference to ethanol. Typically, 1 mL of 100 mg/mL aqueous solution of PEI was added 

dropwise to 4 mL of a Au NRs solution (2 mM CTAB, 5 mM Au) under vigorous stirring, 

which was left undisturbed for at least 2 h. The excess of free PEI was removed from the 

solution by a centrifugation cycle (3300 rpm, 30 min) and the NRs were redispersed in ethanol. 
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The concentration of gold was adjusted to 3.0–3.3 mM (i.e., abs ~0.62 at 400 nm in a cuvette 

with 0.1 cm optical path).  

Initiation of polymerization: 150 µL of an ethanol solution of PEI-stabilized Au NRs was mixed 

with 150 µL of a 1,8-octanedithiol ethanolic solution (0.5 mM to 0.1 mM, depending on the 

desired rate of polymerization) containing also 0.02% v/v of the ammonium hydroxide solution. 

Termination: When the optical density at 800 nm matched that at 660 nm, the reaction was 

terminated by addition of 40 µL of acetic anhydride and 40 µL of a 25 mg/mL 

methoxypolyethylene glycol maleimide ethanol solution. Then, the reaction mixture was left 

to react for at least 30–60 min prior to irradiation with femtosecond laser pulses. 

Irradiation with femtosecond laser pulses: 50-fs laser pulses were generated by an amplified 

Ti-Sapphire amplified laser system (Spectra Physics) centred at 804 nm and operating at a 

repetition rate of 1 kHz. The temporal profile of the 804 nm pulses was diagnosed by second 

harmonic autocorrelation. The fluence was fixed at 130 µJ/cm2 through a variable attenuator 

wheel. Proper irradiation of the entire cuvette was ensured via scanning the cuvette with the 

laser beam using a mobile mirror. The polymerized Au NRs were irradiated (abs at 800 nm of 

ca. 1 in a quartz cuvette of 1 mm of optical pathlength) for 5 min and then centrifuged twice at 

3000 rpm (10 min). Finally, the welded Au NRs were redispersed in 100 µL of ethanol.  

Scanning transmission electron microscopy characterization. Low magnification and high-

resolution HAADF-STEM images were acquired using a FEI-Osiris and an aberration-

corrected ‘cubed’ FEI-Titan 60-300 electron microscopes operated at 200 and 300 kV, 

respectively. A diluted solution containing welded Au NRs (3µL) was drop-casted on a 

conventional TEM grid with a holey carbon support layer. 

Conventional electron tomography. Tomography series were acquired using the Fischione 

model 2020 single-tilt tomography holder. The series were acquired over a tilt range from −72° 
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to +72°, with tilt increments of 2 or 3° and dwell time of 6 µs. The reconstruction of the tilt 

series was performed using the Astra Toolbox 1.8 for MATLAB 2018a.88 The visualization of 

the 3D reconstructions was performed using the Amira 5.4.0 software.  

Atomic resolution electron tomography. For acquisition of the atomic resolution tomography 

series, we recorded a time series for each projection with a fast acquisition scheme (dwell time 

of 0.4 µs). The series were acquired within a tilt range from −72° to +72°, with tilt increment 

of 2º. Next, a convolutional neural network (CNN) was applied in order to compensate for fast 

scan distortions, Gaussian and Poisson noise and jitter in the x/y directions49. Rigid and non-

rigid transformation were applied to each time series for the correction of sample drift, shear 

and non-symmetrical artefacts generated during the acquisition.49 An averaged image was then 

obtained for each projection. The tomography series was aligned with high accuracy, using a 

modified phase correlation procedure with subpixel precision.49 Reconstruction of the 3D 

atomic structure was carried out using the SIRT algorithm, implemented in MATLAB 2018a. 

3D visualizations were built in the Amira 5.4.0 software. 

Tomographic reconstructions were performed using a workstation equipped with a Nvidia 

GeForce GTX Titan Black (6 GB of memory) graphical card, Intel (R) Core (TM) i7-4930 

CPU @ 3.40 GHz processor and 64 GB of RAM. Typical running times were about 5 minutes 

for low magnification data (512 x 512 pixels) and about 90 minutes for atomic resolution data 

(1024 x 1024 pixels). 

Electron energy loss spectroscopy. Low loss spectrum maps for the characterization of the 

plasmonic properties were acquired in a monochromated aberration-corrected ‘cubed’ FEI-

Titan 60-300 electron microscope operated at 120 kV with energy resolution of 175 meV.  

The spectrum maps to evaluate the impact of defects on the plasmonic properties were acquired 

in a monochromated aberration-corrected ‘cubed’ ThermoFischer Themis Z 60-300 electron 
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microscope operated at 60 kV with an energy resolution of 90 meV and a dispersion of 0.002 

eV/channel. 

HyperSpy 1.5.289 was used for the analysis of all EELS data. After alignment and subsequent 

removal of the zero-loss peak, the EEL spectra were deconvolved using the implemented 

Richardson-Lucy deconvolution with 15 iterations. The EEL spectra in Figure 6a are the 

summed deconvolved spectra. The corresponding maps were obtained for the given energy 

range. To extract the plasmon linewidth, the CTP spectra were extracted at the tip of the NP 

closest to the top region of the scanned area, to ensure that no carbon build-up artificially 

broadened the plasmon mode.66–68 Next, the spectra were fitted using the Lorentzian line 

shape:𝐼 "# $% &
'

()*)+)'-"# $% &
' 

where 𝐼 is the intensity, 𝑥/ is the resonance energy and Γ is the linewidth.  

BEM simulations. Simulations were carried out in the MNPBEM 17 Toolbox80–82 using the 

full Maxwell equations. The system was excited by a plane wave with polarization direction 

along the z axis. The long axes of the input NRs were also oriented along this direction. The 

dielectric function of the surrounding medium was ε = 1.4, mimicking the effect of the carbon 

support. The dimensions of the NRs used for the simulations are shown in Table S2. The 

volumes of the NRs were estimated from the 2D projection images. For welded NRs, the 

second NR was shifted in the 𝑥 and 𝑧 directions with respect to the first NR, to resemble the 

experimental system. The values of the shifts can be found in Table S3. 

ASSOCIATED CONTENT 

Supporting Information. Additional material is provided: UV-VIS spectra of Au NRs during 

and after femtosecond laser pulses irradiation; TEM images of assembled Au NRs before and 

after welding; high resolution STEM images of defects before and after Fourier filtering to 
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enhance the visualization of dislocations; tomographic reconstruction at the atomic level of the 

connection region of the welded Au NRs; definition of tilt and rotational deviation from perfect 

epitaxy between two crystals; EELS spectra of the CTP mode extracted from the upper and 

lower non-welded tips; simulation of extinction cross section for welded Au NRs with straight 

alignment; analysis of the influence of the interface size between welded Au NRs; low and 

high magnification HAADF-STEM images of single crystalline Au NRs and welded Au NRs 

investigated by EELS; simulation of the linewidths for single crystalline Au NRs before and 

after convolution with the experimental zero loss peak; and tables containing the length, width, 

the simulated linewidth before and after convolution of single crystalline Au NRs and welded 

Au NRs; table containing the relative shifts in x and z directions between welded Au NRs.This 

material is available free of charge via the Internet at https://pubs.acs.org/ 
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